1976. -The urinary bladder of Amphiuma exhibits stable transport properties and an electrical potential difference in vitro. The lumen is significantly negative to the serosa and under short-circuited conditions flux ratios for Na and Cl of 5.92 ~tr: 0.42 and 1.81 t 0.20, respectively, were observed. The close agreement between the short-circuit current and net Na flux suggests that most, if not all, of the current is carried by Na. Both ouabain and amiloride decreased the short-circuit current and the mucosal-to-serosal (M-+S) flux of Na. Furosemide caused a transient increase in the M-S flux of Na and Cl but ADH was without effect. In bladders that had high transmural resistance, a net movement of K in the M-S direction under short-circuited conditions with flux ratios of up to 2 could be observed. The epithelium of the Amphiuma bladder consists of three cell types: granular cells, basal cells, and mitochondria-rich cells. No goblet cells are present. The mitochondria-rich cells comprise less than 5% of the population of the surface epithelium in Amphiuma in contrast to other amphibian bladders, where it accounts for up to 25% of the population. Na transport; Cl transport; K transport; ouabain; amiloride; furosemide; ADH; mitochondria-rich cells MANYDIFFERENTTI~SUESHAVE BEENUSED fortheinvestigation of epithelial transport. Frog skins were among the earliest and most extensively studied epithelial preparations because of their easy accessibility, and the results from such studies have been utilized to form a general model for the active transport of Na across membranes (20) . In recent years urinary bladders of amphibians have been used with increasing frequency in studies on ionic regulation because of the tissue's simple morphology and its functional relationship to the kidney. In particular, the amphibian urinary bladder has been considered to be the functional analogue of the collecting tubule of the mammalian kidney (22). Thus, the urinary bladder of amphibians is characterized by a variable osmotic permeability to water as well as by an active transepithelial transport system for Na (4).
The class Amphibia is composed of two major groups, Anura and Urodela. The bladder of anurans (frogs and toads) has been studied extensively and results show that water and Na movement are controlled by hormones such as vasotocin (2, 3) and aldosterone (12). In contrast, work on the urodele bladder (salamanders and newts) shows a different behavior in that in most urodeles the injection of neurohypophysial hormone does not result in changes in water reabsorption (9), the only known exceptions being several terrestrial species. It has been suggested that the difference in response is related to habitat. Also, in contrast to the anuran bladder, neurohypophysial hormones have no effect on the short-circuit current in urodele bladders (9).
Amphiuma means is a large aquatic urodele living in the southeastern United States. The role of the kidney in hydromineral balance has been studied in this species by Wiederholt et al. (28), and electrophysiological studies on its skin and bl adder (7,8) suggest the existence a mechanism for the active transmural tran snort of N of a.
The very large bladder of this urodele makes it an attractive lation.
preparation for further studies on ionic reguThe preparation could be shown to have several interesting features such as active transport of Na and K across the epithelium (10) and results presented here suggest active Cl transport. In addition, ultrastructural studies reveal very large epithelial cells, long tight junctions, and a distribution of cell types that seems to be different from that reported for other epithelia.
METHODS
Urine composition. Animals were anesthetized with tricaine methane sulfonate (Finquel, Ayerst Laboratories). The urinary bladder was first exposed and then lifted at the caudal (cloacal) end in such a manner that the contents of the bladder flowed to the cephalic end (dome). An incision was made in the cloaca1 end of the bladder and a polyethylene tube inserted into the bladder. The tube was tied in place by several ligatures to ensure that the bladder contents at the cephalic end of the bladder were not contaminated by vascular fluid originating from the incision. Bladder urine was then removed by syringe and examined for solutes. The concentration of Na and K was determined by flame photometry (Instrumentation Laboratory model 143) and Cl by a Buchler-Cotlove chloridometer. Osmolarity was determined by utilization of an Osmette freezing-point depression osmometer. Flux measurements. The urinary bladder was removed carefully and mounted in a chamber that allowed the measurements of unidirectional fluxes in up to eight adjacent sections of one bladder. Four modules of the chamber are shown schematically in Fig. 1 . Silastic gaskets have been used to decrease the compression at the rim of the chamber in an attempt to reduce edge damage. The mounted bladder section (exposed area: 1.80 cm2) divides the chamber module into serosal and mucosal compartments (volume of each compartm .ent: 3 .O ml). Solutions in both compartments were stirred vigorously by a stream of gas-bubbles containing 5% CO, and 95% 0,.
The potential difference (PD) across the bladder was measured by calomel half-cells connected to the solutions by agar bridges. A second pair of bridges connected to Ag-AgCl electrodes was used for passing current through the bladder. The transepithelial potential difference and short-circuit current (I,) were determined with an automatic clamping device that was adjustable for changes in fluid resistance between the PD bridges. The I, was monitored continuously by means of a Texas Instruments recorder.
The transepithelial fluxes of solutes were determined by adding a test solution containing isotope to either the serosal or mucosal side of the bladder and measuring the rate of appearance of the isotope on the opposite side. The chamber containing the "cold" solution was emptied entirely and replaced with new solution at selected intervals; during this procedure the current flow through the chamber and bladder had to be interrupted briefly (~25 s). Radioactivity was determined by liquid scintillation spectrophotometry (Intertechnique model SL 30). In double-label experiments involving isotopes with short half-lives, samples were assayed immediately after termination of the experimental procedure and then were stored to allow for decay and recounted in order to obtain counts of isotopes with long half-lives.
Serosal and mucosal solutions were identical with the exception of tracer and drugs. The basic Amphiuma Ringer solution was similar to that used by Sullivan brated for 1 h prior to the experiment with a gas mixture containing 5% CO, and 95% 0,. Ion concentration, osmolality, and pH of all test solutions were determined. Flux values are reported only for intervals where a steady state was shown to have been achieved unless a time sequence is indicated. Throughout the paper the errors are given as standard error of the mean and the number of observations is given in parentheses.
Ultrastructure studies. Whole bladders were fixed by filling each bladder with cold half-strength Karnovsky's fixative and immersing it in a beaker containing the same fixative. Stretched semibladders were fixed by the addition of cold Karnovsky's fixative to both sides of the bladder wall stretched in Lucite chambers. After 30 min of fixation the bladders were cut into small pieces and returned to cold fixative for 1 h. The tissue was postfixed in osmium tetroxide, dehydrated in ethanol, and embedded in Epon. Thick and thin sections were cut with a ZKB-Huxley microtome with a glass knife used for thick sections and a diamond knife used for thin sections. Thick (l-pm) sections were stained with azure II-methylene blue and thin sections were stained with uranyl acetate and lead citrate and examined in a Zeiss EM 1OB electron microscope.
RESULTS

Ultrastructural
studies. The epithelium of the bladder consists of three cell types: granular cells, basal cells, and mitochondria-rich cells (Fig. 2) . No goblet cells are present. The height of the epithelial cells ranged, depending on degree of stretch, from 4 to 34 mprn and averaged approximately 12 mprn in the unstretched epithelia. There was no obvious difference in size between cell types. The surface epithelium consists predominately of granular epithelial cells that comprise approximately 95% of the population. Only about 5% of the population are mitochondria-rich cells. The granular cells (Fig. 3 ) contain numerous round and ovoid apical granules that are bound by membranes. The granules demonstrate considerable variation in size, shape, structure, and number. The luminal surface membrane has irregular small microvilli and is coated by a fine, fuzzy layer of material consistent with a mucoprotein coat. The nuclei are extremely large and frequently occupy greater than 50% of the cross-sectional area of the cells. Microfilaments, microtubules, and mitochondria are scattered throughout the cytoplasm. At the apex of the lateral borders of the surface epithelial cells, tight junctions of considerable length (l-2 pm) are present ( The mitochondria-rich cells ( Fig. 5 ) comprise less than 5% of the population of the surface epithelium in contrast to other amphibian bladders such as toad bladder, where they account for up to 25% of the population. These cells have numerous mitochondria and the apical portion often bulges into the lumen. This is the case even when the preparation is stretched. mitochondria-rich cell forms tight junctions with the adjacent granular cells at the apex of the lateral border.
The epithelium is separated from the submucosa and mucosa by a thin but well-defined basement membrane. The submucosa contains smooth muscle cells, some of which are quite close to the basement membrane, and there are numerous blood vessels and lymphatics. A single layer of flat serosal cells is present on this surface.
Flux and urine composition studied. The urine of Amphiuma was found to be strikingly hyposmotic to the blood and contained only small amounts of Na, Cl, and K (Table 1) . Urine Na, Cl, and K concentrations were as low as 0,8, 0.6, and 0.3 mM, respectively.
The electrical resistance across the Amphiuma bladas significant a portion of the total cell volume. The der was found to vary between animals and bladder sections. Plots of resistance versus the S+M fluxes of Na and Cl are illustrated in Fig. 6 . The magnitude of the S+M fluxes increased exponentially at low resistances and made utilization of this data for flux ratio determinations highly undesirable. Utilization of such data can give rise to artificial flux ratios and erroneous conclusions. Because of large variabilities in the magnitude of the S -+M fluxes across bladders with low resistances, it was decided to use only those bladders with resistance values of over 1,500 fl cm2 (>70% of all bladder sections). Throughout the control period (which began 30 min after mounting and was of 80 min duration) there was a general increase in resistance that was the result of an increase in PD and a decrease in the IO. The initial PD was found to be 43.5 f 3.0 mV (mucosa negative) and at the end of the 80-min control period had increased to 49.5 k 3.0 mV (n = 23). TheI, was initially 21.7 f 0.7 PA/cm* and at the end of the 80-min control period had decreased to 16.8 + 0.7 PA/cm*. The I, and fluxes in this paper are reported as a function of surface area. The average weight of the stretched bladder sections was 4.76 + 0.38 mg dry tissue/cm* (n = 23). Apart from the fact that the weights of all bladder segments in this study were relatively constant, fluxes in opposite directions were obtained from adjacent sections of the same bladder and uniform stretching was applied to the whole bladder when the bladder was mounted.
Steady state for unidirectional Na fluxes is reached after a period of 40 min. There was a net movement of Na from the mucosal to serosal side of the bladder under open-circuit conditions despite the fact that inward movement was opposed by an electrical gradient. Shortcircuiting of the bladder resulted in an increase in the M-&S flux and a decrease in the Z&M flux with an increase in the net Na flux and flux ratio (Fig. 7) . The I . ':
:: 3.6 r .
n: E e 3.0 M+S flux of Na after short-circuiting was 132.3 t 6.6% (n = 12) of that demonstrated in the open-circuited period. The S+M flux of Na after short-circuiting was 58.3 t 5.0% (n = 10) of that demonstrated in the control period. The S+M flux of Na after short-circuiting was 5.92 t 0.42 (n = 40) and clearly indicates active transport. The mean short-circuit current was 0.711 t 0.029 peq/cm2. h (n = 40). The data suggest that most, if not all, of the current is carried by Na ions. and a decrease in the S-M flux. These changes are supported by the data in Table 2 . The ratio of the K flux determined at +50 mV (serosal side positive) over the K flux measured at 0 mV indicates an asymmetric effect of potential on the unidirectional fluxes of K ( Table 2 ). The ratio for the S-+M flux is identical to that predicted by flux over S +M flux under short-circuit conditions were found to be 1, with an average K flux of 16 t 1 nM/ cm2*h (n = 27) in six bladders. However, in four bladders with high resistances net movement of K from the mucosal to the serosal side with flux ratios of un to 2 (Table 3) were observed.
Steady state for the unidirectional fluxes of Cl is reached in 20 min. There was net movement of Cl from the mucosal to the serosal side but movement was along a favorable electrical gradient.
Short-circuiting of the bladder resulted in a decrease in the M-G flux of Cl and an increase in the S--+M flux (Fig. 8) . In contrast to the M-G flux of Na and the S -+M fluxes of Na and Cl, there was a 20-min delay in the response of the M-S flux of Cl to short-circuiting.
The M-S flux of Cl after shortcircuiting was 71.2 t 4.9% (n = 14) of that demonstrated in the control period. The S-+M flux of Cl after short-circuiting was 168.6 t 19.6% (n = 16) of that demonstrated for the control period. The Cl flux ratio for short-circuited bladders matched for resistance was 1.81 t 0.20 (n = 40). The asymmetrical fluxes of Cl under short-circuit conditions resulted in a net movement from the mucosal to the serosal side [O.lll t 0.10 peq/ cm2*h (n = 40)]. Ouabain is a potent inhibitor of active transport of Na in the a,nuran bladder (13) and one might expect an effect on the Amphiuma bladder. Indeed ouabain (low4 M) caused a 91% and 97% decrease in the I, and PD, respectively (Fig. 9) . The M+S flux and S-+M flux of Na were observed to be 39 t 4% and 231 t 18% (n = 6) of the respective control values after the application of ouabain (Fig. 9) . The flux ratio for bladders of matched resistance decreased from 6.09 t 0.40 to 1.11 t 0.10 (n = 6) after the application of ouabain. There was little ef&ct of ouabain on the M+S flux of Cl; however, an increase in the S-+M flux was observed (Fig. 10) . The increase in the efflux of Cl decreased the flux ratio for bladders with matched resistance from 1.96 t 0.20 to 0.91 t 0.38 (n = 24).
Amiloride has been shown to be a powerful inhibitor of active Na transport in the amphibian bladder (5)) but in contrast to ouabain it acts not from the serosal but from the mucosal side (corresponding to the external side of frog skin). The addition of amiloride (lo-" M) resulted in a 70% inhibition of the I, and net Na flux (Fig. 11) . These decreases in& and net Na flux were due exclusively to a 50% reduction in the M-S flux of Na as there was no change in the S+M flux. or Cl (Table 4) . The data on flux ratios and effects of alteration in PD suggest that the M-G flux of Cl may not proceed by simple diffusion. Furosemide has been shown to be a potent inhibitor of active Cl transport in the ascending limb of the loop of Henle (11) and thus it was hoped that the utilization of this compound might give more insight into the possibility of a chloride transport system in the urinary bladder of the Amphiuma. In contrast to results obtained in the kidney, addition of furosemide (low4 M) resulted in a transient increase in the M-S fluxes of Na and Cl. The M+S flux values in the control period were 0.880 t 0.020 and 0.360 t 0.035 peq/crn"* h (n = 4) for Na and Cl, respectively. Forty minutes after the application of furosemide M-G fluxes had increased to 1.200 t 0.090 and 0.590 -+ 0.90 peq/cm2ah (n = 4) for Na and Cl, respectively. Eighty minutes after the application of furosemide M-G fluxes had returned to 0.902 t 0.051. and 0.380 t 0.053 peq/cm2* h (n = 4) for Na and Cl, respectively. The S -+M fluxes were not affected. L
The amphibian urinary bladder is a receptacle for the storage of continuously produced urine of the kidney and functions in the conservation of water and ions. Amphiuma means is an aquatic organism and thus its need for a urinary bladder as a water-storage organ to be utilized in times of osmotic stress seems somewhat doubtful although nests ofAmphiuma have been found at considerable distances from water. In most instances, aquatic amphibians, such as Xenopus and Necturus, have very small bladders compared to terrestrial forms (4) yet Amphiuma has a very large bladder. This fact as well as the results of the present investigation, which indicates active transport of Na, Cl, and K across the bladder epithelium, suggests that this bladder participates in the ionic regulation of the organism.
The urine osmolality was markedly hyposmotic to the plasma (40 vs. 220 mosM) and this indicates that the bladder epithelium is relatively impermeable to water. In addition, the ionic concentrations of the urine are very low. Sodium, chloride, and potassium concentrations were as low as 0.8, 0.6, and 0.3 mM, and Bentley (7) has similarly demonstrated low urine Na concentrations. The large values ofl, and PD observed across the urinary bladder in this study had also been reported by Bentley (7). In the anuran bladder the PD has been shown to be dependent on the mucosal Na concentration and net sodium transport was found to be equivalent to the short-circuit current (12). Flux ratio determinations made in the present study confirm the presence of active net transfer of Na and comparisons of the short-circuit current with net Na movement indicate that much of the current is carried by Na. Although he did not measure tracer fluxes, Bentley concluded on the basis of short-circuit current determinations that Na reabsorption occurs across the urinary bladder of the Amphiuma (7) and the mudpuppy Necturus maculosus (6). The ability of the Amphiuma bladder to transport Na from Ringer solution suggests that Na reabsorption in the bladder may aid the renal tubule in Na conservation under normal conditions. This study also shows that the urinary bladder of Amphiuma exhibits active transport of Na not only under short-circuit
but also under open-circuit conditions. In addition, there is a net movement of Cl from the mucosal to the serosal side under open-circuit conditions. This movement proceeds along a favorable electrical gradient that is presumed to result from the active transport of Na. However, even after short-circuiting, a flux ratio of 1.80 t 0.20 is obtained. Hence, one may conclude that active transport is involved in the transfer of Cl across the bladder epithelium.
Although the movement of Cl across frog skin has long been ascribed to free diffusion (19) recent studies seem to indicate that there may be, at least in some species, active transport of Cl across the frog skin (1). Finn et al. (17) have also described active Cl transport in toad bladders. The observed effects of short-circuiting on the influx and efflux of Cl suggest that indeed the influx of Cl across the Amphiuma bladder is not due entirely to passive diffusion. AlthoughI, and the net flux of Na were found to be equivalent, the standard errors may be too large to rule out completely the possibility that Cl net transfer contributes to I,. Chloride transfer may be coupled to other ions and would not manifest itself as a charge transfer equivalent to net Cl movement. Exchange systems involving the exchange of Cl for HCO, have been reported for a wide variety of tissues including the in vivo frog (1) An examination of K fluxes shows that these are of much smaller magnitude than those demonstrated for Na and Cl, but in high-resistance bladders under shortcircuit conditions there was a net reabsorption of K in the M+S direction. From this, one may conclude that an active transport process is involved in the M-G transfer of K. This conclusion that a membrane interaction is involved is further supported by the observation that potential-induced alterations in the M-S flux do not conform with predictions made by the NernstPlanck equation.
On the other hand, changes in the S-M flux after alterations in potential were in agreement with the theoretical predictions, which indicates that a different mechanism may be involved in this unidirectional flux. There are scattered observations of net K movement against electrochemical gradients in Rana pipiens (25) and the amphibian bladder (18). More interesting in this context is the recent description of active transport of K across the distal tubules of the Amphiuma kidney (28). The action of inhibitors on transepithelial transport was studied because the information gathered under these conditions may lead to a better understanding of transport processes in the Amphiuma bladder. Ouabain has been shown to be a very effective inhibitor of active Na transport in a number of tissues. In this study we were able to demonstrate a large inhibition of theZ, and of the Na M-S flux. It should be pointed out that ouabain causes a substantial increase in the S-+M fluxes of Na and Cl. This phenomenon has been observed in the isolated frog skin (manuscript in preparation) and it has been suggested that this is due to an increase in the cellular Na concentration (as a result of inhibition of the Na-K-activated ATPase system) that subsequently increases the transcellular component of the efflux of Na. The asymmetric effect of ouabain on the unidirectional fluxes of Cl suggest that something more than passive diffusion is involved. Amiloride, an agent known to block the active transport of Na at the outer (mucosal) epithelial cell membrane in a number of epithelia (5), causes a marked inhibition of PD, I,, and M+S flux of Na. The current response to ouabain and to amiloride is in agreement to the one reported by Bentley for the Amphiuma (7) and Necturus (6) bladder. Recently it has been suggested that the diuretic action of furosemide is due to the inhibition of Cl transport out of the thick ascending limb of the loop of Henle (11). However, this drug was not found to have the corresponding inhibitor effect on Cl M+S flux in the Amphiuma bladder. Instead, a transient stimulatory effect onI,, Na M-S flux, and Cl M-+S flux was measured. It should be pointed out, however, that Ferguson (16) has found no effect of furosemide on normal I, and Na transport in another amphibian bladder, the toad bladder, although he was able to demonstrate inhibition of ADH-stimulated current and Na transport. This situation and the response of furosemide cannot be tested in the Amphiuma bladder because of a lack of response to ADH.
In other tissues such as the amphibian skin and bladder, hormones such as ADH (4) and aldosterone (12) have been shown to be important regulators of Na balance. The addition of ADH resulted in no alteration in the unidirectional fluxes of Na or Cl in the Amphiuma bladder and these results are in line with earlier observations that the neurohypophysial hormones have no effect on I0 or water movement in the bladder of most aquatic urodeles (9). It is interesting to note that there is a good correlation between the action of ADH on water reabsorption in the bladder and the terrestrialism of the species (4). In addition, Bentley (7) has observed no effect of aldosterone on electrical parameters in the urinary bladder of Amphiuma.
In view of recent studies that have suggested a correlation between epithelial function and the presence of certain cell types, it was of interest to study the morphology of the Amphiuma bladder, especially since a lack of response of the Na transport system and water movement to ADH had been reported. The structure of the urinary bladder ofAmphiuma has both similarities and differences compared to the bladder of other amphibians. Neither Amphiuma nor Rana catesbeiana has goblet cells like those described in Bufo marinus. The presence of goblet cells in Bufo may relate to its predominately terrestrial habitat as mucous secretion would provide a moist epithelial surface even when little urine was being formed under conditions of dehydration. The basal cells always seem to separate the superficial epithelium from the basement membrane in Rana whereas the granular cells have direct contact with the basement membrane in Amphiuma and Bufo (21). Two new theories concerning the morphological site of action of ADH have been produced recently. First, DiBona and Civan (15) found that individual smooth muscle cells came to within 150 A of the basement membrane, but did not find specific points of contact between the epithelium and the underlying smooth muscle cells. They have suggested that the neurohypophysial hormones could alter the permeability of the bladder to water by alterations in smooth muscle tonus that could subsequently cause increases in the intercellular space. This hypothesis is further supported by Strum and Danon (26), who found specialized smooth muscle=-basal cell contacts in Rana. Unlike Bufo marinus and Rana catesbeiana (3, 23), water reabsorption in the bladder of the Amphiuma is not regulated by ADH (7) even though the overall structure is quite similar.
